In a retrospective study of proliferative interstitial pneumonia in viperid and nonviperid snakes, formalin-fixed, paraffin-embedded lungs from 52 snakes were screened for immunohistochemical reactivity to ophidian paramyxovirus. All snakes were from zoological collections that experienced mortalities attributed to paramyxovirus infection. Of the 52 snakes, 47 had pulmonary lesions compatible with ophidian paramyxovirus infection. Histologic changes in affected lungs included hyperplasia and hypertrophy of septal and faveolar epithelial cells, loss of ciliated cells, mixed leukocytic interstitial infiltrates, fibrinonecrotic exudate in the lumen of proximal and distal faveolar compartments, and occasional epithelial syncytial cell formation or intraepithelial eosinophilic intracytoplasmic inclusions. Lungs were immunohistochemically stained for paramyxovirus antigens by utilizing rabbit polyclonal antibodies against a paramyxovirus isolate from a black mamba (Dendroaspis polyepis polyepis). Virus infection in 6 snakes was confirmed by virus isolation from frozen lung tissue. Of the 6 lungs from which paramyxovirus was isolated, 5 lungs stained positively for viral antigens utilizing antisera to the black mamba isolate. Altogether, 36 lungs stained positively for paramyxovirus antigens. There was multifocal to diffuse linear staining of the lumenal surface of faveolar epithelium, and there were multiple foci of granular cytoplasmic staining. Immunohistochemical staining of formalin-fixed lungs from snakes with proliferative interstitial pneumonia was helpful as a routine diagnostic test for substantiating a diagnosis of ophidian paramyxovirus infection.
Viruses with characteristics of the family Paramyxoviridae have been incriminated as causative agents of epizootics in collections of viperid and nonviperid snakes. 3, 4, 8, 9, 12 These viruses have been collectively designated ophidian paramyxoviruses (OPMV). 10 In infected tissues and tissue cultures, these viruses have been characterized electron microscopically as 126-321-nm-diameter spheroid or filamentous particles enclosed in a unit membrane envelope studded with spikes. Internal nucleocapsid strands are 12-18 nm in diameter. 4, 8, 9 Viral isolates caused hemagglutination of chicken erythrocytes and were replicated in a variety of reptilian and mammalian cell cultures at 30 C, inducing syncytium formation. A virus with characteristics of a paramyxovirus was first isolated from a fer-de-lance (Bothrops atrox) snake, following an outbreak of respiratory disease on a snake farm in Zurich, Switzerland, in 1972. 4 The first outbreak of ophidian paramyxovirus-like disease in the United States occurred in a private collection of snakes in Florida in 1980 9 and this was soon followed by an ophidian paramyxovirus epizootic in a zoological collection in Louisiana. 8 Since then, there have also been reports of epizootics in snakes in German zoos caused by paramyxoviruses. 3 Although the viral isolates share physicochemical properties with mammalian paramyxoviruses, most isolates have reacted variably in assays with antisera to a number of mammalian and avian paramyxoviruses. In one report, 12 a viral isolate from an Ottoman viper (Vipera xanthina xanthina) was inhibited from agglutinating chicken erythrocytes after it was first incubated with equine antisera against Parainfluenza-2 (SV 5 isolate). In 2 other studies, 1,2 isolates from a total of four different snakes (Elaphe oxycephala, Gonosoma oxycephala, Morelia argus, and Bitis nasicornis) showed no cross-reactivity by the immunoblotting technique to antisera against several mammalian paramyxoviruses. In another report, 3 ophidian paramyxovirus isolates reacted with antisera against avian paramyxovirus strains PMV-1 through PMV-9 in hemagglutination inhibition tests; the greatest cross-reaction occurred with strains PMV-1 and PMV-7.
The major histologic lesion in OPMV infections is proliferative pneumonia, with or without interstitial inflammation. 10 Although this lesion is suggestive of OPMV infection, ultimate diagnosis is based upon isolation of the virus in tissue culture, demonstration of the virus by electron microscopy, and/or demonstra-tion of rising titers of OPMV-specific antibody in infected snakes. Hemagglutination inhibition testing is commonly used to assay for antiviral antibodies. 10 Immunoperoxidase techniques have been used to detect a variety of antigens in animal tissues fixed in neutral buffered 10% formalin and routinely processed and embedded in paraffin. 5 The avidin-biotin-peroxidase complex (ABC) method is a technique that allows localization of antigens in a variety of specimens by using different primary antisera. Antigens of Sendai virus, a paramyxovirus infecting rodents, have been identified by the ABC method in the lungs of infected mice. 6 The primary advantages of using an immunohistochemical technique to detect viral antigens in formalin-fixed tissue specimens, rather than attempting virus isolation from fresh tissue, are the reduced time and expense for rendering a definitive diagnosis, the ability to associate the virus with specific cells, and the ability to perform retrospective studies on paraffinembedded tissues.
In this report, we describe the use of a polyclonal antibody-based immunoperoxidase test, using an ABC complex detection system, for localization of ophidian paramyxovirus antigen in paraffin-embedded lung of viperid and nonviperid snakes suspected of being infected with OPMV. The objective was to determine if OPMV antigens resist denaturation during routine formalin fixation and processing of lung and hence remain immunologically reactive to polyclonal rabbit antiserum.
Materials and methods
Experimental animals. Sections of paraffin-embedded lung from 52 snakes suspected of being infected with OPMV were tested ( Table 1) . Thirty-four snakes had died during an epizootic of OPMV infection that occurred in the Audubon Park and Zoological Garden in New Orleans. 10 The remaining snakes were from public and private collections in Texas, Florida, and Missouri. Paraffin-embedded normal lung of three antibody-negative, apparently unexposed tiger rattlesnakes (Crotalus tigris) served as negative controls. Prior to embedding, all samples of lung were immersed for fixation in neutral buffered 10% formalin for 24-72 hr.
Virus isolation. Paramyxoviruses were isolated from 6/6 of the following snakes (Table 1) : Baja speckled rattlesnake (Crotalus mitchelli mitchelli), dusky rattlesnake (Crotalus triseriatus), Yucatan rattlesnake (Crotalus durissus tzabcan), eastern diamondback rattlesnake (Crotalus adamanteus), and 2 Aruba Island rattlesnakes (Crotalus durissus unicolor). Virus was isolated as previously described. 10 Ten percent suspensions of lung in sterile phosphate-buffered saline (PBS) were clarified by centrifugation, filtered through 0.45-µm filters, incubated with confluent layers of viper heart cells a at 30 C, and examined daily for syncytial and giant cell formation. The presence of virus was verified by testing the supernatant for hemagglutination of chicken erythrocytes and for inhibition of hemagglutination activity by prior incuba-tion of the supernatant with rabbit serum hyperimmune to OPMV.
Antiserum. A paramyxovirus recovered in viper heart cells from pooled lung, liver, and spleen suspensions of a black mamba (Dendroaspis polyepis polyepis) was adapted to grow in Vero cells b at 30 C. This snake was from a private collection from St. Cloud, Florida ( Table 1) . Identification of the virus as a paramyxovirus was based on the growth requirements in cell culture, cytopathic effect produced, presence of hemagglutinating activity, presence of characteristic viral particles by negative staining electron microscopy, and inhibition of agglutination by snake anti-paramyxovirus antiserum. A virus suspension prepared by freezing and thawing infected cells and removing cellular debris by centrifugation had a hemagglutination titer of 256 (50 µl volume) using 0.3% suspension of chicken erythrocytes in PBS, pH 7.4. The virus suspension was pelleted at 21,000 rpm for 2 hr and resuspended in 0.5 ml of PBS, pH 7.4. After emulsification in an equal volume of Freund's complete adjuvant, a volume of 0.38 ml (0.75 ml total) was administered intramuscularly in each hind leg of a rabbit. This protocol conformed to the guidelines set by our Institutional Animal Care and Use Committee. Three weeks later, blood was collected from the rabbit, and a 0.3% suspension of autologous erythrocytes was prepared in PBS, pH 7.4. The rabbit erythrocyte suspension was hemagglutinated by the Vero-adapted paramyxovirus, having a titer of 128 (50 µl volume). Equal volumes of rabbit erythrocyte suspension and freeze-thawed virus suspension were mixed and held at 5 C for 1 hr. The virus-adsorbed erythrocytes were rinsed in refrigerated PBS and centrifuged 3 times in an attempt to remove nonviral antigens. The erythrocytes were reconstituted to a 0.3% suspension in sterile PBS, pH 7.4, and 5 ml were administered intravenously to the rabbit. This procedure was repeated after 7 days. Serum collected from the rabbit (immune serum) 1 wk later had a hemagglutination inhibition titer of 5 12, using 8 hemagglutination units (50 µl) of virus.
Histopathology and immunohistochemistry. Tissues processed for routine light microscopic examination were sectioned at 5 µm and stained with hematoxylin and eosin (HE). For immunohistochemical evaluation, sequential 5-µm sections were first adhered to poly-L-lysine-coated slides. Two sections of each block were placed on a single microscope slide, and modification of the ABC technique was performed. 5 Endogenous peroxidase was expended in deparaffinized sections by incubation in 0.5% hydrogen peroxide in methanol for 30 min at room temperature. Specimens were incubated in 0.125% trypsin and 0.1% CaCl 2 for 30 min at 37 C. Nonspecific binding of avidin was blocked by incubating sections in 10% ovalbumin in PBS for 30 min. Rabbit immune serum was diluted in PBS at 1:100 and 1:500. The 2 dilutions of immune serum were allowed to incubate overnight on treated sections of each block. One section on each slide was incubated with immune serum, and the other section was incubated with prevaccination (preimmune) serum, which served as a negative control. Following incubation with the immune and negative control sera, slides were washed three times in PBS. Detection was completed using an ABC kit. c Diaminobenzidine d (0.5% solution with 0.01% H 2 O 2 in 0.1 M Tris, pH 7.2) was used as the chromogen, and light green was used as the counterstain. Viper heart cells infected with paramyxovirus isolated from an Aruba Island rattlesnake served as positive controls.
Results
Histopathology. Pulmonary lesions consistent with OPMV infection were seen in 47 of 52 snake lungs examined ( Table 1 ). Pulmonary changes in affected snakes ranged from mild to severe. In some lungs, there was minimal hyperplasia and/or hypertrophy of epithelial cells lining the respiratory tract, including the bronchi, primary septa, and faveoli (designation of the gas exchange compartments of snake lung). 11 In other lungs, epithelial proliferation was marked, especially along the secondary and tertiary septa of faveoli. Hyperplastic epithelium often was also hypertrophied, had increased cytoplasmic basophilia or vacuolated cytoplasm, and had nuclei containing a prominent nucleolus ( Fig. 1) . Septa were often widened by mixed leukocytic infiltrates of lymphocytes, macrophages, and fewer heterophils. Proximal and distal faveolar compartments contained various numbers of desquamated necrotic epithelial cells, heterophils, lymphocytes, macrophages, and fibrin. There was a reduction in the number of ciliated cells along the luminal surface of the primary and secondary septa. Intraluminal, predominantly gram-negative bacilli were sometimes present. In a few cases, faveolar epithelial cells had eosinophilic, small, round cytoplasmic inclusions, and there was occasional syncytial cell formation.
Virus isolation and immunohistochemistry. Paramyxovirus was isolated from all 6 of the lungs from which isolation was attempted ( Table 1) . Cytopathic effect (CPE) in viper heart cultures was characterized by elongation of cell processes, cytolysis, and giant syncytial cell formation (Fig. 2) . CPE was usually detected at 5-14 days postinoculation. Although pneumonia was present in all 6 lungs from which virus was isolated, viral antigens could be localized in epithelial cells from only 5 (83%) of these lungs utilizing antisera to the black mamba isolate. A total of 36 of 47 (74%) lungs that had microscopic lesions of OPMV stained positively for paramyxovirus antigens (Table 1 ). There was multifocal to diffuse linear staining of the luminal surface of faveolar epithelium as well as multiple foci of granular cytoplasmic staining (Fig. 3) . When epithelium was stratified because of hyperplasia, cytoplasmic staining occurred within the superficial epithelium. Occasional nonspecific background staining of lung sections was characterized by staining of some mononuclear cells that were interpreted to be acidophils. There was minimal multifocal staining of one of the 5 apparently unaffected lungs (from the Bothrops asper). None of the control lungs stained positively for paramyxovirus antigens. Viper heart cells infected with paramyxovirus contained abundant cytoplasmic antigen, characterized by punctate staining (Fig. 4 ).
Discussion
The majority of snakes tested for immunoreactivity to OPMV antigens had died during an epizootic that occurred in the Audubon Park and Zoological Garden collection. 10 Paramyxovirus infection was diagnosed on the basis of pathologic and serologic findings and virus isolation. Other snakes in this study were necropsied elsewhere, and we only received formalin-fixed tissues. Although epizootic proliferative pneumonia in snakes is highly suggestive of OPMV infection, the definitive diagnosis requires additional testing of the tissue (virus isolation, immunohistochemical localization of antigens, and/or electron microscopic identification) or testing of serum for antibody. Also, the lesion of OPMV infection varies considerably in severity. Even normal-appearing lung may contain viral antigen, as indicated by the apparently positive immunohistochemical staining of the lung from the Bothrops asper. This snake was from a collection in which there was serologic evidence of OPMV infection and from which virus had been isolated. Unfortunately, virus isolation was not attempted and serologic titers were not assayed from this snake. We cannot rule out the possibility that a pulmonary lesion was present in another area of lung or that a false positive reaction occurred.
This study demonstrated that a polyclonal antiserum against an isolate of OPMV could be used to detect OPMV antigens in formalin-fixed paraffin-embedded lung of infected snakes. The sensitivity of the immu- nohistochemical assay with respect to virus isolation was 83%. The specificity of the assay could not be calculated because all viral cultures attempted were positive.
Approximately 26% of the sections that had proliferative pneumonia did not have immunologic reactivity. There are several possible causes of negative immunoreactivity. 5 Formalin fixation results in some degree of antigen denaturation due to cross-linking of amino groups. 13 The maximal time tissue should remain in formalin for optimum immunoreactivity may be less than 24 hours. Our tissues, especially those from snakes necropsied elsewhere, often remained in formalin for 72 hours. The ABC immunostaining technique was chosen because it is useful for detecting antigens that are partially denatured by formalin fixation, and it is commonly used for detection of infectious disease agents. 5 Another reason for negative immunoreactivity is the possibly considerable antigenic variability among strains of OPMV; antibody against 1 strain may not react with antigens of other strains of OPMV. Antigenic differences have been demonstrated among different isolates of paramyxoviruses, 3 but the number of strains of OPMV and the degree of antigenic variability is not known. Polyclonal antiserum was used because it will often react with enough epitopes to produce cross-reactivity with different viral strains. False negatives can occur if a monoclonal antibody is used when either a particular epitope is denatured or if there is antigenic variability among strains of virus. Viral antigens may have simply not been present in nonreactive tissue, or infection may have occurred without capsid assembly at the stage of disease. The pulmonary lesion associated with OPMV infection is highly suggestive of the infection but is not considered pathognomonic. Damage to the lung caused by other viral, bacterial, or toxic agents cannot be ruled out. A variety of bacteria have been isolated from lungs of snakes with lesions compatible with OPMV infection.10 It is possible that other viruses capable of causing a similar lesion have not yet been discovered. Additional attempts at virus isolation will be required to determine the specificity of the assay.
Unwanted reactivity of the primary antiserum to snake lung was circumvented by growing the virus in Vero cells. Absence of reactivity was verified by the paucity of background staining in normal snake lung. Also, there was very little nonspecific staining of lung with prevaccination rabbit serum; rabbits probably do not have natural antibodies against ophidian pathogens. Endogenous peroxidase occurred in acidophils in affected and control lungs but did not interfere with interpretation. Endogenous peroxidase activity has been found in leukocytes of other reptiles, and it could not be inactivated with up to a 3% hydrogen peroxide solution. 7 In addition to immunohistochemical detection of antigens, polyclonal antisera are also useful in other antibody-binding diagnostic techniques, including immuno-gold localization of antigen by electron microscopy, immunofluorescence, hemagglutination inhibition testing, and immunoblotting. The major disadvantage of using polyclonal antisera as opposed to a monoclonal antibody for these techniques is a lack of standardization among laboratories and even within the same laboratory if the supply of antibody becomes exhausted. Monoclonal antibodies against OPMV are not yet available.
